A resin-bound cyclic peptide library was constructed based on the sequence of the reactive-site loop of Bowman±Birk inhibitor, a proteinase inhibitor protein. The constrained loop sequence, which incorporates the minimal proteinase-binding motif, was retained throughout the library, but selected residues known to be important for inhibitor specificity were randomised. The approach was used to create a`one bead, one peptide' library with 8000 variants resulting from randomization at three target locations in the sequence (P 4 , P 1 and P 2 H ). This library allows us to examine the degree to which variations in this proteinase-binding motif can redirect activity, as well as providing information about the binding specificity of a proteinase target. Screening this library for binding to human leucocyte elastase identified sequences with a strong consensus, and on resynthesis all were found to act as inhibitors, with K i values as low as 65 nm. Human leucocyte elastase is known to have a substrate preference for small alkyl chains at the P 1 locus, with valine being preferred. However, alanine and not the expected valine was found in 21 out of 23 identified sequences. The remaining two sequences had threonine at P 1 , a finding that would be hard to predict based on substrate specificity alone. Further analysis of resynthesized peptides demonstrated that valine substitution results in an analogue that is hydrolysed far more rapidly than ones having library-selected P 1 residues. Testing of the human leucocyte elastase-selected sequences as inhibitors of porcine pancreatic elastase demonstrates a significant difference in the specificity of the P 4 locus between these two proteinases.
Elastases, which are serine proteinases capable of cleaving the connective tissue elastin, are considered to play important roles in the tissue destruction associated with pulmonary emphysema, rheumatoid arthritis, cystic fibrosis, adult respiratory distress syndrome, chronic bronchitis, and pancreatitis [1, 2] . For some of these pathological conditions an imbalance between the amount of elastase and endogenous proteinaceous inhibitor(s) has been implicated. As a result, there has been considerable interest in the design of inhibitors that may restore this balance and/or clarify the role of these enzymes in the above diseases. In addition to natural or engineered inhibitor proteins, which have high molecular masses, researchers have also pursued both peptide-based and nonpeptide small inhibitor compounds [2] .
In many natural inhibitor proteins, the portion of the inhibitor protein that interacts with the serine proteinase is an extended or`canonical' loop. This is thought to have a structure similar to that of a productively bound substrate [3, 4] . Inhibitors behave as limited proteolysis substrates; residues interacting with proteinase at the reactive site of the inhibitor determine specificity and typically reflect the substrate specificity of the target proteinase. The identity of the P 1 residue (nomenclature of Schechter & Berger [5] ) is considered to be the main determinant of specificity [3, 6] . Qasim et al. [7] have described canonical loops as molecular vices, delivering the P 1 side chain to the S 1 cavity whether the interaction is favourable, or even when it is neutral or locally deleterious. However, the identity of a given P 1 residue alone does not always succeed in defining inhibitory activity. For example, chicken ovomucoid first domain with a P 1 Lys residue is ineffective as an inhibitor of bovine b-trypsin even though this is the preferred P 1 of trypsin substrates [8] . Although many natural inhibitors are selective for the proteinases they target, some inhibitors are more promiscuous and demonstrate activity against a range of enzymes. For example, mucus proteinase inhibitor (P 1 Leu, P 1 H Met) is active against human leucocyte esterase (HLE), cathepsin G, chymotrypsin and trypsin [9] ; turkey ovomucoid (TOM) (OMTKY3; P 1 Leu, P 1 H Glu) is active against chymotrypsin, porcine pancreatic elastase (PPE), Streptomyces griseus proteinases A and B, and subtilisins BPN H and Carlsberg [10] . Redirection and/or enhancement of elastase inhibitory activity resulting from alterations at the P 1 locus have been described following site-directed mutagenesis [11, 12] and semisynthesis or peptide synthesis [13, 14] . In general, alteration of the P 1 residue is based upon the known substrate preference of the target proteinase. For example, replacement of the P 1 Met in a 1 -protease inhibitor by Val has been used to q FEBS 1999 overcome oxidation sensitivity, yet retain specificity [15] . On occasion, P 1 alterations have resulted in unexpected activities. P 1 point mutations to the squash seed proteinase inhibitor, Curcubita maxima trypsin inhibitor-III (CMTI-III) have been described by McWherter et al. [16] , who found that of the limited range of variants tested, Phe and Gly were active against HLE. The activity given by a P 1 Gly is striking as this residue provides no side chain for interaction. Inhibitory activity of this variant must therefore rely on more extensive interactions distant to the S 1 site. More recently, Rozycki et al. [17] have further reported reduction in activity when the P 4 ±P 5 residues were deleted at the N-terminus of CMTI-III (which also had the P 1 residue substituted for valine in order to redirect activity towards HLE). In contrast, removal of these two N-terminal residues from the native inhibitor (which displays anti-tryptic activity) did not result in such decreased activity. Not only does this result further emphasize the importance of subsites distant to P 1 in contributing to binding energy with HLE, it suggests that these are correspondingly less important in trypsin binding.
It seems reasonable that efficient redirection of proteinase inhibitory activity would benefit from a more extensive range of modifications that is not limited to the P 1 locus alone. Combinatorial peptide libraries have provided an attractive approach to screening for potential ligands to a given receptor, and have been used to screen for proteinase inhibitors. Phage display libraries have been successfully used to select redirected inhibitor activity, principally involving randomization of the active sites from the Kunitz (or bovine pancreatic trypsin inhibitor, BPTI) family of proteinase inhibitors [18±20]. We have recently used a synthetic combinatorial protocol to create a library of potential inhibitor structures [21] , which has the potential advantage of allowing incorporation of nonprotein amino acids. This work is based on the ability of short disulfide-linked peptide sequences that reproduce the extended loop region of Bowman±Birk inhibitor (BBI) proteins to retain inhibitory activity [13, 22, 23] . Our library contained 8000 cyclic peptide variants obtained by randomization at the P 2 , P 1 and P 2 H residues [21] , and used the`one bead, one peptide' approach [24, 25] to combinatorial peptide synthesis. Screening this library for redirected activity against chymotrypsin identified a consensus-binding motif and allowed the selection of competitive inhibitors with K i values in the nanomolar range. Using this same approach, we now describe use of a slightly different cyclic peptide library to screen for inhibitors with activity redirected towards HLE. The active sequences that were identified were also tested as inhibitors of PPE to allow a comparison of the specificity of these elastases. These two enzymes have similar activity, share 40% primary sequence identity and a number of HLE and PPE complexes have demonstrated particular topological similarity in their activesite regions [26] .
E X P E R I M E N T A L P R O C E D U R E S

Materials
Fluoren-9-ylmethoxycarbonyl (Fmoc)-protected amino acids and derivatives were purchased from Novabiochem or Advanced ChemTech with the following side-chain-protecting groups: Ala, Arg (2,2,5,7,8-pentamethylchroman-6-sulfonyl), Asn (trityl), Asp (tertBu), Cys (trityl), Gln (trityl), Glu (antitryptic), Gly, His (trityl), Ile, Leu, Lys (tert-butyloxycarbonyl; tertBoc), Met, Nle, Phe, Pro, Ser (anti-tryptic), Thr (antitryptic), Trp (tertBoc), Tyr (anti-tryptic), Val. TentaGel-S-NH 2 resin was from Rapp Polymere (Tubingen, Germany). Dimethylformamide and N-methylpyrrolidone were peptide synthesis grade from Rathburn Chemicals (Walkerburn, UK) and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate and 1-hydroxybenzotriazole monohydrate were from SNPE (Croydon, Surrey. UK). 5-Bromo-4-chloro-3-indolyl phosphate, nitroblue tetrazolium, phenol, ethanedithiol, thioanisole, dimethyl sulfoxide, monoclonal anti-rabbit IgG (g-chain specific) conjugated to alkaline phosphatase, and trifluoroacetic acid were purchased from Sigma. Elastase from human polymorphonuclear leucocytes (HLE, EC 3.4.21.37) was from Elastin Products Co. Inc., Owensville, MO, USA, PPE (EC 3.4.21.35) was from Sigma, and rabbit anti-HLE was from Calbiochem.
Preparation of tethered cyclic peptide library
Synthesis of the library peptide, disulfide-cyclized NH 2 -XCTXSXPPQCYGGGGG-Resin, was performed on an ABI 431A peptide synthesizer at 0.25 mmol scale using Fmoc chemistry. The solid-phase resin was TentaGel-S-NH 2 , which has a noncleavable linker. 2-(1H-Benzotriazole-1-yl)-1,1,3, 3-tetramethyluronium hexafluorophosphate/1-hydroxybenzotriazole monohydrate [27] activation was used for amino acid couplings at fivefold amino acid excess except for the positions marked X. At these positions, randomization was achieved using preactivated pentafluorophenyl ester or 3-hydroxy-4-oxo-3,4-dihydro-1,2,3-benzotriazine ester amino acid esters at 10-fold excess as described previously [21] . After side-chain deprotection, cyclization was achieved using dimethyl sulfoxide [28] . We have previously demonstrated that this method provides an efficient means of on-resin cyclization, with the generation of active resin-immobilized peptide [29] . Resin was then thoroughly washed and resuspended in NaCl/P i with 0.05% Tween 20 (NaCl/P i /Tween) before use.
Preparation of defined sequence cyclic peptides
Peptide sequences identified from the screening procedure were resynthesized by standard solid-phase Fmoc chemistry as described previously using a Shimadzu PSSM-8 synthesizer. The crude peptides were cyclized using dimethylsulfoxide also as described previously [21] .
The cyclic peptides were purified by HPLC using a Gilson instrument equipped with a Waters Radial Pak C 18 column (25 mm Â 10 cm, 6-mm particle size) reverse-phase column. Separations were carried out with 0.1% trifluoroacetic acid and acetonitrile as solvents. Peptides were recovered after semipreparative chromatography by lyophilization. The homogeneity of the synthesized peptides was assessed by TLC, analytical HPLC and MS. Analytical HPLC was performed using a Vydac C 18 column (150 Â 4.6 mm, 5 mm particle size) employing a gradient between water and acetonitrile, each containing 0.1% trifluoroacetic acid (5% acetonitrile for 2.5 min, 5±80% acetonitrile over 22.5 min, 80% acetonitrile for a further 2.5 min before returning to 5% for 2.5 min). Flow rate was 1 mL´min 21 with detection at 226 nm. TLC was conducted on prelayered silica-gel 60 F 254 plates with fluorescent indicator (Merck), and two different solvent systems were used for analysis. Solvent system A was methanol/chloroform/acetic acid (4 : 15 : 1, v/v), and system B was methanol/water/ acetonitrile (5 : 5 : 3, v/v); detection was performed using UV (254 nm) and ninhydrin [0.2% (w/v) in acetone]. Mass spectra were recorded on a VG Auto-spec Q instrument operating in the fast-atom bombardment (FAB) mode. In all cases, peptides were more than 85% pure by HPLC, displayed a single spot on TLC, and the correct mass was confirmed by FAB-MS.
Screening the BBI library against HLE
Screening was performed using a modification of the method described previously [21] . Briefly, HLE was incubated in NaCl/P i / Tween with sufficient resin to provide < 46 000 beads. The resin was then washed thoroughly before incubating with rabbit anti-HLE in NaCl/P i / Tween. The washing step was repeated and beads were then incubated with monoclonal antirabbit IgG (g-chain specific) conjugated to alkaline phosphatase. The washing step was again repeated with a final wash of 100 mm Tris (pH 9.5)/0.5 mm MgCl 2 . Beads were then incubated in the same buffer with 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium as alkaline phosphatase substrate. Positively stained beads had a deep purple coloration, and were transferred manually to glass-fibre filters, washed with 40 mL 50 mm HCl, and air-dried. N-Terminal sequencing was performed on either an ABI 476A (PE Biosystems) or an HP G1005A protein sequencer (Hewlett-Packard) using standard sequencing protocols. The beads were prewashed with trifluoroacetic acid and ethyl acetate before sequence analysis, as this was found to reduce the background signal in the first cycle. On the ABI sequencer, the bead was sequenced on the trifluoroacetic acid-washed glass-fibre filter, but on the HP sequencer the bead was trapped at the interface of the hydrophobic and hydrophilic columns of an N-terminal sequencing cartridge.
Inhibition kinetics
Inhibition kinetics for the synthetic peptides were determined using competitive binding studies with MeO-succinyl-Ala-AlaPro-Val-p-nitroanilide (Sigma) as HLE substrate in 100 mm Tris/500 mm NaCl, pH 7.5. For PPE, succinyl-Ala-Ala-Ala-pnitroanilide (Sigma) was used as the substrate, in 0.1 m Tris pH 8.0, both at 298 K. Substrate hydrolysis was monitored at 410 nm, and substrate concentration calculated from the final absorbance (: = 8800 m 21´c m 21 [30] ). Enzyme concentrations were determined from the initial rate of substrate hydrolysis in the absence of inhibitor using values for K m and k cat of 0.14 mm and 17 s
21
, respectively, for HLE [31] and 1.15 mm and 16.6 s 21 , respectively, for PPE [32] . Initial velocity data were fitted using the grafit software package [33, 34] . K i values were corrected for substrate competition using the formula
, where K i(app) is the apparent K i for a given substrate concentration.
Hydrolysis rates
Hydrolysis of peptides was performed using a 20-fold excess to HLE (4 mm HLE) in 100 mm Tris/500 mm NaCl, pH 7.5 at 298 K. Degradation of the peak corresponding to the cyclic peptide was followed by integration of the peak areas (monitored at 214 nm) after separation by a Micra NPS RP18 reverse-phase column (4.6 Â 33 mm, 1.5 mm particle size; Micra Scientific Ltd, Darien, IL, USA) using a Hewlett-Packard HP1100 binary pump system. Separation was performed using a linear gradient between 0.3% trifluoroacetic acid and 0.3% trifluoroacetic acid/90% acetonitrile as solvents.
R E S U L T S A N D D I S C U S S I O N
Design of the library
In this study we have used a cyclic peptide library based on the anti-tryptic loop of BBI protein as the starting point for generation of inhibitors redirected against HLE. Variation was introduced into the library at selected positions in order to generate diversity likely to modify specificity. Interactions with the proteinase are expected to be exclusively via the`upperface' of the loop, which spans the region P 4 ±P 2 H [35] . Ser is highly conserved at the P 1 H position in BBI proteins [36] , and for this reason this residue was not randomised. Similarly, Thr at P 2 shows a high degree of conservation [36] . In our previous Table 1 . Sequences identified from the library after screening for HLE binding. The P 4 , P 1 and P 2 H positions were randomised to incorporate 20 amino acid variations, and the sequences at these positions are listed for the 23 beads identified from the screening procedure. The table also records the inhibition constant (K i ) found for resynthesized peptide tested against HLE.
Sequence of isolated resin bead BBI-based library, screening against chymotrypsin resulted in the identification of only Thr at this locus for all active inhibitors, although 20 variants were present at this position within the library [21] . Further analysis of all included amino acids at this locus has confirmed Thr as the optimal residue [36] . In the crystal structures of both BBI±trypsin [35] and OMTKY3±HLE complex [26] (where a Thr residue is also found at P 2 ), the P 2 Thr is found to make close contact with His57. Further, in the structure of BBI complexed with trypsin [37] , the hydroxyl function of this Thr is involved in hydrogen bonds within the loop structure. As the S 2 subsite of HLE is considered to be similar to that of other mammalian Ser proteinases including PPE [26] , this locus was therefore not varied. In the current communication, we have therefore elected to randomize at the remaining positions of the upper face, namely P 1 , P 2 H and P 4 . Each site had one of 20 different amino acids, giving a library with 8000 different components. The library was synthesized on TentaGel resin, and included a fiveresidue polyGly spacer between the 11-residue inhibitor template and the resin. This spacer, which was also present in our previous library [21] , was included to minimize possible steric hindrance between the proteinase and the resin.
Sequences discovered by screening the inhibitor library with HLE
Screening of the library was performed using an indirect enzyme-linked immunoassay. This was done using a relatively low concentration of HLE with the aim of selecting only the most tightly binding species. Detection of bound HLE then employed further incubation with rabbit anti-HLE followed by monoclonal anti-rabbit IgG (g-chain specific) conjugated to alkaline phosphatase. Visualization of positive beads used the enzyme activity of alkaline phosphatase to generate deeply stained beads [21, 24] . The screening procedure identified a total of 23 highly positive beads from a sample of < 46 000 beads that were analysed. This means that < 1 in 2000 peptide sequences were active in the screening assay, a similar proportion to that found for chymotrypsin binding in our earlier study [21] . The active beads were isolated using a pair of dissecting tweezers and their peptide sequences determined by the Edman method using an automated peptide sequencer. Unambiguous identification of the randomized positions was possible in each case, and the sequences found are listed in Table 1 . Each of the different 11-residue core sequences was resynthesized, purified and analysed for inhibition of HLE in solution. In our earlier study we found that 10 of 13 identified sequences were active as inhibitors of chymotrypsin, and the remaining three presumably represented nonspecific binding or the binding was an artefact [21] . However, in the present study we found that all 23 peptide sequences inhibited HLE after resynthesis, and their K i values are also listed in Table 1 . The K i values range from 0.065 to 2.77 mm, with 15 different sequences being identified.
The peptide sequence found most frequently by the screening procedure (P 4 Nle, P 1 Ala, P 2 H Ile) was also found to have the lowest K i value of those peptides tested, indicating that the screening process is selective for tight binding. This sequence also represents the overall consensus for all the positive beads that were analysed. It seems likely that the contributions to binding from each of the three loci varied are additive, so that their combination gives the best available inhibitor, as has been described in other proteinase inhibitor interactions [7] . Sufficient resin was screened so that, on average, 5.75 copies of each sequence would be present. The consensus sequence itself was found on five separate beads, which means it is possible that all of the beads having this sequence were identified by the screening protocol. At least one sequence (peptide 4) returned residues at the randomised positions that correspond to a natural elastase inhibitor, elafin (P 4 Ile, P 1 Ala, P 2 H Leu).
The P 1 position. The screening results against HLE indicate a high preference for alanine in the P 1 position, with 21 out of 23 of the sequences having Ala at this locus. This result is broadly consistent with the known substrate specificity of elastases for small alkyl side chains, although it is generally considered that the preferred P 1 for HLE is valine [38±40], and this has been the most widely utilized residue at this locus in the design of inhibitors [2] . It is therefore quite striking that no P 1 sequences containing Val were recovered from the screening process. Natural macromolecular inhibitors with activity against HLE are known that have at the P 1 position Met (a 1 -proteinase inhibitor [41] , guamerin [42] ), Leu (eglin c [43] , mucus proteinase inhibitor [9] ) and Ala (elafin [44] ). In addition, semisynthetic BPTI-derived inhibitors have been shown to display a preference for Val at P 1 [45] , and the most active OMTKY3-derived inhibitors have P 1 Ile [46] . Two of the sequences listed in Table 1 have a Thr residue at P 1 . Although these sequences proved to be less potent inhibitors than the corresponding Ala variants, they were still found to give K i values around the micromolar level. It is interesting that neither the available substrate specificity data nor the sequence information for natural inhibitors with activity against HLE would have led us to predict finding Thr at P 1 , which illustrates the benefits of library-screening procedures. It should be noted that Thr has been identified as the P 1 residue by sequence alignment in peacock pheasant ovomucoid third domain (OMGPP3; TCTTEHRP, P 4 -P 4 H ) but to our knowledge, no activity has been reported for this protein [47] . Although a P 1 Thr is not normally considered to be a usual HLE substrate, hydrolysis by HLE of the Thr87-Thr88 sequence in a polypeptide linking the inhibitory Kunitz-1 and Kunitz-2 domains of tissue factor pathway inhibitor has been described [48] . This confirms that HLE is able to interact with a P 1 Thr residue. Replacement of Thr226 in PPE by Asp226 in HLE has suggested the design of inhibitors with positively charged P 1 side chains [49] . However, no positively charged P 1 side chains were detected by the library screening. This is in agreement with results obtained by Lu et al. [12] for P 1 variations to OMTKY3 whereby charged residues and side chains with increased steric bulk were found to decrease the K a when compared with the parent inhibitor (Leu at P 1 ).
The P 4 position. A preference for large apolar or aromatic groups is observed in the P 4 position consistent with the structure of the S 4 pocket [26] , and NLe is found here with the greatest frequency. Substrates with Lys at P 4 have been found to Fig. 1 . Structure of two common elastin cross-linking residues, desmosine and dehydrolysinonorleucine [50] .
be less reactive than those with P 4 Ala while those with aromatic or large hydrophobic groups at this subsite are more reactive [50] . An unexpected finding is Arg in this position for 4/23 of the identified inhibitors as, in addition to hydrophobic residues, Arg is also found in the S 4 ±S 5 region of both HLE (Arg217) and PPE. In the TOM complex with HLE, the side chain of Ala (P 4 ) runs parallel with Arg217 [51] , and it has been suggested that a negatively charged residue at the P 4 (or P 5 ) locus would facilitate a favourable electrostatic interaction [51] . Indeed, negatively charged groups have been used in this region of synthetic inhibitors in order to exploit electrostatic interactions at this locus [52] . However, the library results do not reflect this. In contrast, the crystal structure of methoxysuccinyl-Ala-Ala-Pro-Ala chloromethyl ketone in complex with HLE shows that the Arg217 side chain is directed away from the P 4 residue [53] . The results are consistent with the observation that ovomucoid third domains derived from chestnut bellied scaled quail and Gambel's quail, which differ only at P 4 (Asp and Ala, respectively), show a 160-fold reduction in K a against PPE when an acidic group is present [54] . Arg is found as the P 3 residue in both elafin [55] and guamerin [42] , and the PPE±elafin structure [56] shows that the P 3 Arg guanidino group forms intramolecular hydrogen bonds with carbonyl of P 1 H Met. In the BBI template, P 3 is occupied by one of the two cysteines constraining the peptide and so is not available for interaction. Interestingly, for the reduction in activity against HLE reported by Rozycki et al. [17] when the P 4 ±P 5 residues of CMTI-III were deleted, Val-Arg are the respective residues (which also had the P 1 residue substituted for Val in order to redirect activity towards HLE).
Elastin is a highly cross-linked protein rich in Gly, Ala, Val and Pro residues [2, 57] . Two common cross-linking residues are desmosine and dehydrolysinonorleucine (Fig. 1) . Both are characterized by multiple methylene groups and an imino group. The two most frequently found residues from our screening (Nle and Arg) have features in common with dehydrolysinonorleucine, which could explain their selection. This finding is consistent with the work of Yasutake & Powers [50] , which studied the effect of protected Lys derivatives [Lys(Z), Lys(Bz), Lys(benzimidoyl) and Lys(picolinoyl)] at P 2 , P 3 and P 4 as surrogates for desmosine within short peptide substrates. In general, it was found that increased reactivity was obtained at P 4 and P 3 by these analogues [optimal Lys(picolinoyl) at P 4 ]. It was also found that a positive charge at P 4 (Lys) or both a positive charge and aromatic ring [Lys(benzimidoyl)] were detrimental. Taken together, these findings suggested that HLE hydrolysis of elastin occurs near these cross-links rather than the Lys-rich regions of tropoelastin or those regions of elastin containing noncross-linked Lys residues. In contrast, PPE was found to be much less reactive and, in particular, would not accept the Lys and derivative residues at P 4 , which may indicate a more restricted S 4 pocket.
The P 2
H position. The P 2 H position also shows a preference for large apolar side chains with Ile being found at this locus with greatest frequency, and Ile or Leu together accounting for 83% of the sequences identified. Natural endogenous elastase inhibitors have Ile (a 1 -proteinase inhibitor) or Leu (mucus proteinase inhibitor, elafin) at P 2 H . On the leaving side of the scissile bond, Tyr at P 2 H in the TOM±HLE complex makes the most contact with HLE, principally interacting with Ile151 in the S 2 H pocket [26] . Crystal structures of the complex with OMTKY3 or with substrate show that in PPE and HLE the S 2 H pocket is lined by Leu, Leu and Leu, Ile, respectively [26] . Thus the P 2 H specificity is likely to be similar between these enzymes.
Phe, Trp and Val were also found at this position (Table 1) . Phe is present at P 2 H in guamerin [42] . The ovomucoid third domains from Indian peafowl and OMTKY3 differ only at P 2 H (His and Tyr, respectively). Comparison of their K a values for PPE shows that the value for OMTKY3 is 44-fold higher [54] , which may indicate some preference for hydrophobic residues over basic residues at this locus.
Effect of P 1 variation on activity
In order to compare the results of the library-selected sequences with the outcome of P 1 alteration alone, the dissociation constants of selected analogues were recorded, based on the original template sequence ( Table 2 ). The variants synthesized were selected on the basis of substrate specificity, and incorporated Ala, Thr, Val or Met at P 1 . All variants were found to display considerably lower activity than the libraryselected sequences, with P 1 Ala having marginally better activity than the corresponding Val analogue. The Met variant displayed no measurable activity against HLE (or PPE). In order of K i , we find Ala , Val , Thr , Met.
As each of these peptides had a P 4 Ser residue (present in the original trypsin inhibitor template) which was not identified in any library-selected sequences, we performed a further comparison using an optimal library-selected P 4 residue. Table 1 shows that Nle was the most frequent P 4 residue, and so we substituted the same P 1 residues in the sequence NleCTXSIPPQCY (Table 3 ). All variants now show measurable activity. As Ile is present at P 2 H of both peptide series, a significant contribution to binding must arise from the P 4 Nle. In particular, it is noteworthy that the P 1 Met variant only shows measurable activity in combination with P 4 Nle. The K i values remain in the order Ala , Val , Thr , Met, but are around Table 2 . Effect of P 1 variation alone on HLE inhibition constants. The effect of P 1 variation alone was tested within the original nonoptimized cyclic peptide template (S-C-T-P 1 -S-I-P-P-Q-C-Y). The inhibition constants against HLE are tabulated. NI, no inhibition at the concentrations tested; K i . 1000 mm. Table 3 . Effect of P 1 variation within an optimized sequence on HLE inhibition constants. The effect of P 1 variation was tested within a sequence that contained an optimized residue at P 4 (Nle) (Nle-C-T-P 1 -S-I-P-P-Q-C-Y). The inhibition constants against HLE are tabulated. 50-fold lower than with a P 4 Ser residue. It should be noted that the Val variant has a K i lower than most of the library-selected sequences, even though no P 1 Val sequences were detected by screening. The reasons for this are considered below. Although in our system we find that P 1 Ala gives a lower K i for HLE than does P 1 Val, this is not the case for all systems that have been studied. As Val is generally considered to be the preferred residue at the P 1 locus, it is common for researchers to replace this residue with Val when re-directing the specificity of natural inhibitors [58, 59] . The Kazal inhibitor BPTI has often been studied because of its small size (58 residues) and potent inhibitory properties. A number of P 1 variants of this protein have been prepared by semisynthesis [45] . Of the variants tested against HLE, Val was found to give the lowest K i (0.11 nm) and this was 22-fold lower than the Ala variant. The order of potency was Val . Nva (also referred to as Ape) . aminobutyric acid . allo-isoleucine . Ile Ala Leu (the native inhibitor with P 1 Lys has a K i for HLE of 3.5 mm). Similarly, Lu et al. [12] have recently screened a wide range of natural and engineered P 1 variants of OMTKY3. In this study, the order of potency in terms of K a was Ile . aminobutyric acid . Val . Nva . Cys . Leu . Thr . Ala . Nle for HLE, and aminobutyric acid . Nva . Nle . Ala . Thr . Leu . Met . Val . Ile for PPE. McRae et al. [38] have used the reactive-site region of a 1 -proteinase inhibitor to evaluate substrates of HLE and found that the sequence derived from a 1 -proteinase inhibitor was not optimal. Subtle differences, for example between Ser and Thr at P 1 H , were observed primarily in terms of k cat . This result is consistent with our data, and once more demonstrates that optimal inhibitor and substrate sequences are not necessarily the same.
Our results clearly show that although the P 1 site is important for activity, other P and P H sites must be optimized in order to obtain good inhibition. Similar conclusions have been drawn by other workers. In an attempt to improve further antielastase activity, additional alteration of K15V BPTI at the P 1 H and P 2 H positions (A16S, R17I) to match those of the a 1 -proteinase inhibitor was found to result in a 40-fold decrease in K d [59] . The importance of the P 4 ±S 4 interaction in PPE has been described by Thompson & Blout [60] . Using a limited range of peptide amides, these authors were able to demonstrate P 4 interactions that could either strengthen enzyme±substrate binding or those that could increase the rate of hydrolysis.
Effects on hydrolysis rates
We and others have previously noted that BBI peptides often show marked differences in the rates at which they are hydrolysed by proteinase [36, 61, 62] . Differences in hydrolysis rates are a potential factor likely to affect the sequences selected from the library, as sequences that are rapidly hydrolysed would not be detected. During analysis of peptides with Val at P 1 , it became apparent that this peptide seemed more susceptible to hydrolysis. To examine this, a time course of peptide hydrolysis was followed for selected analogues. Figure 2 records a hydrolysis time course, monitored using HPLC, for P 1 Thr, Ala and Val peptides (P 4 and P 2 H are Nle and Ile in each case). Sequences with Thr and Ala at P 1 were identified from the library screening; P 1 Val sequences might have been expected, and result in a low K i value, but were not found during screening. The results show that the libraryselected variants are significantly more stable to hydrolysis than the non-library-selected sequence (P 1 Val), which is rapidly turned over at a rate some 20-fold greater than the corresponding library-selected sequences. This effect, which is consistent with the substrate specificity of HLE, means that any sequences with a P 1 Val would almost certainly have hydrolysed during the incubation period of the screening. It is therefore not surprising that no such sequences were discovered.
Effect of synthesized variants against PPE
To examine any significant differences in specificity, we therefore tested all the variants synthesized against PPE. The K i values are listed in Table 4 . . Hydrolysis was followed by HPLC as described in Experimental procedures. Table 4 . PPE inhibition constants of peptides identified by HLE screening. Sequences identified from the library after screening for HLE binding were further tested for inhibition of PPE. The K i ratio shows the selectivity of the inhibitor for HLE, with larger values representing greater selectivity.
Sequence of isolated resin bead P 4 -C-T-P 1 -S-P 2 Library-selected sequences. In general, the HLE-selected sequences display higher K i values against PPE (Table 4) . This is not unexpected, as the sequences were selected on the basis of HLE binding activity. The ratio K i PPE/K i HLE gives some measure of selectivity. Peptide 13, with Arg at P 4 , results in the largest ratio, while three peptides, 7, 8 and 12, show slightly lower K i values for PPE. It is worth noting that a significant difference at the S 4 ±S 5 pocket between HLE and PPE complexed with methoxysuccinyl-AlaAla-Pro-Ala chloromethyl ketone has been observed by Navia et al. [53] . The difference can largely be attributed to the deletion of Ser217 in PPE, changing the overall conformation of the corresponding loop and, in particular, altering the orientation of Arg217A in the pocket. In HLE, this residue is directed away from the P 4 residue.
Other P 1 variants. In general, the various peptides have lower activity against PPE than HLE. The P 1 Val substitution results in particularly poor PPE inhibition, consistent with the known specificity of these enzymes [39, 63] . The presence of Nle at P 4 is found to enhance activity, as was the case with HLE, suggesting that they share similarities in P 4 specificity. The order of the K i values is Ala , Thr , Met , Val, which is quite different from the HLE findings. Like HLE, Ala provides the best K i of the variants tested, but the Met variant results in a lower K i for PPE than HLE. The order of preference is slightly different from that found for a range of OMTKY3 P 1 variants [12] , which could be due to the presence in our studies of optimized P 4 and P 2 H . Overall we find significant differences between PPE and HLE in terms of their specificities for the various inhibitor peptides used in the present study.
How well do our peptides mimic the BBI canonical loop?
Our approach to the design of potent peptide-based competitive inhibitors has been to incorporate the canonical loop feature BBI protein within a constrained peptide template. When a functional domain or scaffold is excised in this manner and used to generate a tethered library there are various structural consequences.
(a) A terminal amino group is introduced in the molecule, which will be positively charged unless the peptide is N-acetylated (acetylation is not possible if Edman sequencing is to be used for identification of active components).
(b) The C-terminus is anchored to the solid phase, which could restrict binding.
(c) The N-terminal residue(s) is likely to be more flexible than in the parent protein. The peptide library described in the present study was truncated at P 4 . As noted by Thompson & Blout [60] in a study of PPE-catalysed hydrolysis of peptide amides, the lack of a potential P 5 ±S 5 interaction may influence P 4 specificity compared with full-length inhibitors.
(d) Many long-range interactions potentially present in the protein structure are missing.
A switch from the parent protein to a peptide mimetic may therefore lead to a great loss of preorganization. It is therefore reassuring that the inhibitors selected from the library not only possess low hydrolysis rates against the target proteinase HLE, but also display K i values approaching that of the nativè classical' soybean BBI [64] . This suggests that the peptides do adopt the same conformation as the original protein. In addition, we have recently determined an NMR-derived solution structure for an 11-mer BBI loop peptide, which shows that the peptide in solution has almost exactly the same structure as the corresponding region within the parent protein (A. B. E. Brauer & R. J. Leatherbarrow, unpublished work).
Comparison of these K i values with those of other elastase inhibitors
In general, the peptides identified in the present study (lowest K i value 65 nm) have inhibition constants that are higher (i.e. they are less potent) than those of elastase inhibitor proteins. Chemically synthesized elafin has a K i of 2 nm for HLE and 6 nm for PPE [65] . Eglin c, which is an extremely potent elastase inhibitor, has a K i of 75 pm for HLE [66] . For soybean BBI, Larionova et al. [64] report a K i for HLE of 28 nm (initial EI complex), K i * = 2.3 nm (further tighter EI* complex); a considerably lower value of 11 mm has previously been reported by Bieth et al. [67] for PPE. However, it must be stressed that the peptides in the current study are considerably smaller than the full-length inhibitor proteins.
Comparison with other peptide inhibitors of HLE
Linear peptides based on the reactive site of a 1 -proteinase inhibitor are substrates rather than inhibitors [63] . In contrast, cyclic versions displayed some activity, albeit poor, with K i values ranging from 0.39 to 17 mm [63] . Very recently, Yavin & Fridkin [68] have described a set of overlapping 15-mer peptides from C-reactive protein. Unlike the parent protein, some of these peptides were found to demonstrate both anti-HLE and cathepsin G activity. The best peptide (EILIFWSKDIGYSFT) gave K i values of 0.18 mm and 0.25 mm, respectively. The bicyclic peptide Ac-CKSAICALSYPAQCFC based on the antichymotryptic domain of classical BBI has been tested with K i = 43 mm [61] , which is approximately fourfold higher than reported for the parent BBI against PPE [67] .
Comparison with other peptide/protein library screening results
A phage library of the Kazal inhibitor BPTI has previously been used to screen for binding to HLE [18] . Although this report employed randomization at a larger number of sites than the present study and was able to identify potent inhibitors, the number of amino acids coded at each locus was much lower than in the present communication. At the P 1 site, coding for Val, Leu, Phe, Ile and Met was included on the basis of known substrate specificity of HLE; both Val and Ile were identified from the selection procedure. However, neither Ala nor Thr was coded for in this library, making direct comparison with our results difficult. The remaining subsites were P 1
H (F/I/T/S) and P 4 H (K/Q/T/S/P). It was expected that hydrophobic residues at P 2 H might enhance binding. Of those amino acids allowed, Ile (5%), Leu (10%), Met (25%) and Phe (60%) were identified by the screening procedure. In general agreement, we found Ile, Leu, Phe and Val but with Ile and Leu most frequent. None of our sequences had Met at P 2 H , and, although we also identified Trp, this was not present in the phage library.
Influence of extended interactions and elastic or flexible S 1 in HLE Although both HLE and PPE are known to have an extended substrate-binding site [60, 69] , several lines of evidence suggest that HLE possesses a less rigid, more flexible S 1 pocket than do PPE, chymotrypsin or trypsin. For extended peptide q FEBS 1999 substrates, the P 1 specificity may be more strict and modulated by the remote subsites accommodating the extended substrate residues.
Substrates. Increasing substrate length is known to improve the catalytic efficiency of amide bond hydrolysis by Ser proteinases, and this is typically reflected in increased k cat [70] , which is equal to the rate-limiting acylation step. For HLE, this has been attributed to the significant effect of subsites on acylation rate. In the absence of an extended chain and therefore remote interactions, HLE, unlike PPE, displays a broad specificity at P 1 [71] ; for example, Tyr can be tolerated reasonably well. During hydrolysis of an extended chain, subtle changes in the structure of HLE result in a narrowing of the S 1 pocket [69, 71] . Extended interactions appear to fulfil several functions: enhancing catalytic efficiency [72] ; enlisting operation of the charge-relay system [69] ; regulating P 1 specificity [71] .
Inhibitors. Adaptation of the P 1 binding is also demonstrated by the structure of HLE in complex with methoxysuccinyl-AlaAla-Pro-Val-CH 2 Cl [73] . The b-branched side chain is accommodated in P 1 with slight tilting of the main chain. Simultaneously, the S 1 pocket shrinks and adapts to the smaller side chain. Recent results of P 1 variation of TOM also suggest that in HLE the S 1 site is more flexible than in trypsin, S. griseus proteinase A, S. griseus proteinase B, subtilisin Carlsberg or PPE [12] . In this study, b-branched P 1 side chains were found to be highly deleterious to all but HLE. Further analysis of the K a for the isomeric pair Hse/Thr, revealed that Thr was found to be deleterious for all other proteinases studied but advantageous for HLE and PPE. Other evidence suggesting an important role for subsites other than P 1 comes from studies of P 1 variation in CMTI-III [16] . Inhibition was found with P 1 Val, Ile, Gly, Leu, Ala, Phe and Met; inhibition by P 1 Gly means that there must be contribution from other subsites as this residue has no side chain.
Conclusions
We have successfully used a tethered peptide library to discover new HLE inhibitors. Using a library allows more efficient screening than could be obtained by testing individual inhibitors, which is exemplified by the library-selected sequences giving lower K i values than could be obtained by simple P 1 substitutions alone. Our results show that the screening procedure used identifies those sequences that offer the best compromise between low K i and low hydrolysis rate. In the context of finding the`best' inhibitor sequence, this represents an obvious benefit. One surprising finding is that, contrary to expectations, sequences that correspond to the optimal substrate specificity do not necessarily make the best inhibitors (at least in the system studied). This is exemplified by comparison of sequences with P 1 Val or Ala. The Valcontaining sequences are better substrates, but Ala variants are better inhibitors in this particular system. Clearly, this has significant implications for proteinase inhibitor design, which often relies on substrate specificity data.
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